Introduction
============

Interleukin (IL)-1β is a potent cytokine that drives both the acute and chronic phases of the inflammatory response and plays an essential role in innate immune response.[@R1]^-^[@R4] IL-1β activation and release arises from the activation of inflammasomes, which are large protein complexes constituting members of the NOD-like receptor (NLRs) or PYHIN protein families.[@R5] Upon sensing microbial or danger-associated molecules, these intracellular receptors recruit the adaptor protein ASC, which engages and activates caspase-1. Activated caspase-1 in turn processes the IL-1β precursor into the active and secreted IL-1β cytokine. Physiologically, inflammasomes activation serves as a natural means to defend against pathogens by initiating innate immune responses. However, several endogenous agents of non-pathogenic origins released upon tissue damage are known to activate the inflammasomes, leading to pathological outcomes.[@R5] For example, the inflammasome activators monosodium urate (MSU) crystals and islet amyloid polypeptides can induce gout disease and Type 2 diabetes, respectively.[@R6]^,^[@R7] Furthermore, genetic defects have also been linked to inflammasome activation-related diseases.[@R8] For example, cryopyrin-associated periodic syndromes (CAPS) arise from a mutation in the CIAS1 gene encoding for cryopyrin/NLRP3, a component of the inflammasome complex that responds to danger signals, resulting in increased inflammasome activity and consequently enhanced IL-1β release. High levels of IL-1β have also been implicated in more common inflammatory and autoimmune diseases, including but not limited to gout, rheumatoid arthritis and diabetes.[@R9]^,^[@R10] As such, IL-1β has been actively pursued as a target for therapeutic antibody development.

To date, three recombinant protein drugs targeting IL-1β signaling have been approved for clinical use. Anakinra, marketed as Kineret®, is a recombinant IL-1 receptor antagonist (IL-1ra) produced in *E. coli*. Anakinra is the treatment of choice in CAPS, and it is also prescribed to treat rheumatoid arthritis in patients who have failed one or more disease-modifying anti-rheumatic drugs (DMARDs). It can be used alone or in combination with DMARDs other than tumor necrosis factor (TNF)-blocking agents. Rilonacept (Arcalyst®), is a dimeric fusion protein consisting of the ligand-binding domain of the human IL-1 receptor and IL-1 receptor accessory protein, currently in use to treat CAPS. Canakinumab (Ilaris®), an IL-1β neutralizing human monoclonal antibody, is also marketed for the treatment of CAPS in children and adults.

The three approved drugs, along with a number of other IL-1β neutralizing antibodies, are currently in late-stage clinical trials for auto-inflammatory diseases, such as osteoarthritis, gout, juvenile idiopathic arthritis, type 1 and type 2 diabetes. Although targeting the same signaling pathway, each molecule exhibits unique mechanisms of action and displays different pharmacological profiles.[@R11]^-^[@R13]

Antibody-based therapeutics that restrain inflammation constitute one of the largest biologic drug families in the biotech/pharmaceutical sectors. For instance, the market for the anti-TNF therapy for rheumatoid arthritis alone is over US\$7 billion a year. Likewise, the number of people who could benefit from a novel anti-IL-1-based treatment is very high: 27 millions of patients were estimated to live with osteoarthritis in the US alone in 2005;[@R14] the prevalence of acute gout has doubled between 1990 and 1999 in the population over 65 y of age (data from the US Centers for Disease Control and Prevention), with a prevalence of 8--150/100,000; juvenile idiopathic arthritis is the most common arthritis type among children;[@R15]^,^[@R16] in 2007 in the USA, approximately 24 million people were estimated to suffer from type 1 or type 2 diabetes.[@R17] Although IL-1β therapy has not yet been approved for these indications, the potential need is wide. As such, and similar to anti-TNF biologics, the fact that three anti-IL-1β drugs are already in the market constitutes a proof-of-principle toward the relevance of this approach, but does not preclude the development of new IL-1-targeting drugs that may be superior in certain therapeutic and pharmacological aspects. Here, we present the discovery, engineering and in vitro and in vivo characterization of a novel fully human anti-IL-1β IgG1. The engineered antibody P2D7KK has a higher affinity for IL-1β than the marketed product canakinumab, potently neutralizes human, mouse, and monkey (rhesus macaque) IL-1β, and significantly reduces clinical signs of pathology in various animal disease models.

Results
=======

Antibody isolation from phage display library
---------------------------------------------

Anti-IL-1β antibodies were isolated from a Fab display library.[@R18] This library was derived from 22 anonymous donors' blood and tissues after informed consent. It consists of 3 × 10^10^ M13 phagemids, each encoding and presenting one different antibody in a Fab format. After 3 rounds of biopanning and a first ELISA screening, we isolated 78 hits able to bind to human IL-1β. Of these, 22 unique clones were identified by DNA fingerprinting and later confirmed by sequencing. Two clones, 1H and 2H, displayed neutralizing activity, of which clone 2H showed much higher potency. Hence, all subsequent work reported below were derived from clone 2H.

In vitro characterization of clone 2H
-------------------------------------

After expression as a human IgG1, 2H was tested by ELISA for binding to both human and mouse IL-1β and IL-1α. The results showed that while 2H strongly bound to both human and mouse IL-1β in a dose-response manner, it did not recognize IL-1α of either species ([Fig. 1A](#F1){ref-type="fig"}), despite the structural similarity of the two cytokines.[@R19] Its affinity for human and mouse IL-1β as measured by surface plasmon resonance was 127 pM and 239 pM, respectively ([Table 1](#T1){ref-type="table"}). 2H was also tested for its ability to functionally inhibit IL-1β in two cell-based assays. The first assay utilized a cell line (HEK-Blue™ IL-1β) that is engineered such that IL-1R signaling is coupled to the activation of the AP-1 and NF-κB pathways, which drive the expression of the secreted embryonic alkaline phosphatase (SEAP). As such, IL-1β activity can be monitored and quantified by the enzymatic activity of the SEAP produced. In the second assay, IL-1β activity is measured by the production of IL-6 upon exposure of MRC5 cells to IL-1β. The results showed that 2H was able to block the IL-1β induced alkaline phosphatase secretion by HEK-Blue cells ([Fig. 1B](#F1){ref-type="fig"}) and IL-6 production by MRC5 cells ([Fig. 1C](#F1){ref-type="fig"}) in a dose-dependent manner. In the MRC5 assay, 2H showed a mean inhibitory concentration 50 (IC~50~) of 195 pM for the human IL-1β and 1538 pM for its mouse counterpart ([Fig. 2](#F2){ref-type="fig"}).

![**Figure 1.** Binding and neutralization of IL-1β by antibody 2H. (**A**) ELISA for human IL-1β (closed squares), human IL-1α (closed triangles), mouse IL-1β (open squares) and mouse IL-1α (open triangles), mean ± sem on duplicates. (**B**) Inhibition of the human (closed squares) or murine (open triangles) IL-1β-induced secreted alkaline phosphatase in HEK-Blue cells by antibody 2H, means ± sem on duplicates. (**C**) Inhibition of the human (closed squares) or murine (open triangles) IL-1β-induced secretion of IL-6 in MRC5 cells by antibody 2H and an isotype control, means ± sem on duplicates or triplicates.](mabs-6-764-g1){#F1}

###### **Table 1.** Affinity for human and mouse IL-1β

                                 CDR3L sequence   Affinity (K~D~) ± sem in pM                                    
  ------------------- ---------- ---------------- ----------------------------- -------- ------ ------- -------- ---
  *Original IgG~1~*   *2H*       QAWDSNIE         126.5                         ± 44.3   3      239.0   ± 97.0   2
  *Matured IgG~1~*    *P2D7*     YAWADTYE         4.0                           ± 0.8    5      13.7    ± 2.0    5
  *P2D8*              EAWADTYE   2.9              ± 0.6                         4        8.8    ± 2.6   4        
  *P1D9*              YAWDNAYE   5.4              ± 0.7                         4        16.9   ± 2.5   4        
  *P1H8*              QAWADSFE   5.9              ± 1.4                         4        26.3   ± 7.5   4        
  *+ germline like*   *P2D7KK*   YAWADTYE         2.8                           ± 0.3    4      6.2     ± 1.8    4
  *Canakinumab*                                   4.6                           ± 1.0    2      nb                

N, number of independent measurements nb; canakinumab not binding to mouse IL-1β

![**Figure 2.** In vitro potency of 2H, its affinity-matured derived antibodies and canakinumab toward human (**A**) and mouse (**B**) IL-1β. IC~50~ extrapolated from the inhibition of IL-1β-induced IL-6 release in MRC5 cells. IC~50~ was calculated on triplicate wells. Shown are individual data and mean on 2 to 6 independent experiments (n = 6 for P2D7, n = 4 for 2H and canakinumab, n = 2 for other antibodies).](mabs-6-764-g2){#F2}

Affinity maturation
-------------------

The CDR3 of the light chain (CDR3L) was chosen as the target for affinity improvement by site-directed mutagenesis. The mutagenesis library was constructed using semi-random degenerate codons that encoded the original amino acid plus a small set of residues: Ala, Ser, Tyr, Asp.[@R20] Other amino acids may also be introduced inevitably due to the degenerate codon usage ([Table 2](#T2){ref-type="table"}). The tryptophan residue remained unchanged as its large hydrophobic nature often plays a structural role or contributes to high energy contact with the antigen.[@R21] We employed both thermodynamic (low antigen concentration) and kinetic (long dissociation time) parameters to drive the selection for mutant antibodies with higher affinity and favorable kinetics. A panel of ELISA-positive clones was subjected to off-rate analysis by surface plasmon resonance (SPR) using crude antigen-binding fragment (Fab) extracted from *E. coli* periplasm. Of the 62 clones analyzed, all showed slower dissociation than clone 2H, with the dissociation rates 1.5 to 30 times slower than the parent antibody (representative clones shown in [Fig. 3](#F3){ref-type="fig"}). The off-rate improvements observed from this semi-quantitative analysis using crude Fab samples were confirmed by analysis of 15 purified Fabs (data not shown). DNA analysis of these 62 clones revealed 56 unique sequences, with only slight variations between clones. Out of 9 possible residues at each mutated position, only 2--3 amino acids predominated. Interestingly, while other positions can accommodate mutant residues of various chemical natures, we found the glutamic acid at position 8 of this CDR was absolutely conserved among all selected clones ([Table 1](#T1){ref-type="table"}). The conservation of this invariant residue may likely be attributed to a strongly favored electrostatic interaction with a positively charged residue at the antigenic epitope. Four clones, of which the dissociation rates spread across a range of improvement, were chosen to study the affinity-neutralization potency relationship. Affinity measurements by SPR indicated an increase of 21 to 43-fold and 9 to 27-fold for human and mouse IL-1β, respectively, compared with the parent clone 2H ([Table 1](#T1){ref-type="table"}). Neutralization potency of these clones was determined using MRC5 cell-based assays. They inhibited human and mouse IL-1β 6 to 36-fold ([Fig. 2A](#F2){ref-type="fig"}) and 1.5 to 12-fold ([Fig. 2B](#F2){ref-type="fig"}), more potently than 2H, respectively. The improvement in affinity and neutralization showed a parallel trend.

###### **Table 2.** CDR3L mutagenesis library design

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  2H                        Q              A         W   D         S             N             I              E                                                                          
  ------------------------- -------------- --------- --- --------- ------------- ------------- -------------- -------------- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---
  Degenerate Codon[@R1]     B              M         K   K         M             T             T              G              G   K   M   T   D   M   T   D   M   T   D   H   T   K   H   K

  Encoded Amino Acid[@R2]   Y/A/D/S/E/H\   Y/A/D/S   W   Y/A/D/S   Y/A/D/S/N/T   Y/A/D/S/N/T   Y/A/D/S/N/T\   Y/A/D/S/E/V\                                                               
                            /Q/P/\*                                                            /I/V/F         /F/L/\*                                                                    
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^1^ IUB degenerate code;[@R2]single letter amino acid code; \*stop codon

![**Figure 3.** Dissociation rate analysis by SPR. Dissociation kinetics of crude periplasmic preparations of the affinity matured Fab were analyzed by SPR (see Methods and Materials). Twenty representative clones are shown in black. The parent clone 2H is shown in red.](mabs-6-764-g3){#F3}

Among all characterized clones, P2D7 showed high affinity and the highest neutralization efficacy ([Fig. 2](#F2){ref-type="fig"}; [Table 1](#T1){ref-type="table"}). It had a 4 pM and 14 pM affinity for human and mouse IL-1β, respectively, and neutralized human and mouse IL-1β with IC~50~ of 5 pM and 132 pM, respectively. Under the same experimental conditions, P2D7 is 11 times more potent than canakinumab in neutralizing human IL-1β in the MRC5 cell assays. Canakinumab does not react to mouse IL-1β. With an affinity of 4 pM for the human IL-1β and an average IC~50~ of 5 pM in the MRC5 cell assay, P2D7 was clearly a lead among the affinity-matured antibodies derived from 2H. P2D7 was further engineered by site-directed mutagenesis on two amino acids so as to revert it to a germline-like framework (IGHV4--34\*01) in order to eliminate potential immunogenicity. The resulting antibody, P2D7KK (R75K/S81K), had an affinity and neutralization potency almost identical to P2D7. Likewise, when converted to a chimera of mouse IgG1 isotype (designated ChP2D7), no loss of activity was observed (data not shown).

ChP2D7 competes with receptor for IL-1β binding but recognizes a non-overlapping epitope from canakinumab
---------------------------------------------------------------------------------------------------------

The binding mode of P2D7 in relation to IL-1RI and canakinumab was investigated by SPR. As shown in [Figure 4](#F4){ref-type="fig"}, binding of IL-1β to P2D7 (at t = 0) completely abolished its ability to bind IL-1RI ([Fig. 4](#F4){ref-type="fig"}, curve b, no binding at t = 400 s). This competitive binding mechanism is the same as that of canakinumab.[@R22] However, P2D7 and canakinumab bind to non-overlapping epitopes on IL-1β, as revealed by the stepwise P2D7-IL-1β-canakinumab binding ([Fig. 4](#F4){ref-type="fig"}, curve a; binding of IL-1β and P2D7 at t = 0, and subsequent binding of IL-1β and canakinumab at t = 400 s).

![**Figure 4.** Binding mode of P2D7 in relation to canakinumab. (**A**) and IL-1RI (**B**). Binding of P2D7 to IL-1β allows subsequent binding of canakinumab but abolishes IL-1RI binding.](mabs-6-764-g4){#F4}

P2D7KK treatment abolished collagen antibody-induced arthritic symptoms and reduced MSU-induced peritonitis
-----------------------------------------------------------------------------------------------------------

P2D7KK was tested in vivo in mouse models of rheumatoid arthritis and gout. The anti-inflammatory effects of P2D7KK were examined in a collagen antibody-induced arthritic (CAIA) model. The inflammation symptoms, e.g., swollen ankles and paw redness, ([Fig. 5A](#F5){ref-type="fig"}) appeared on day 3--4 and reached plateau on day 7--8. P2D7KK was able to significantly reduce arthritis symptoms in Balb/c mice from day 4 post-arthritis induction and kept arthritic scores low until the end of the experiment ([Fig. 5B](#F5){ref-type="fig"}). Massive lymphocyte infiltration and cartilage degradation were observed in mice treated with the isotype control antibody. Notably, P2D7KK treatment completely prevented lymphocyte infiltration in the affected joints and protected the cartilage from erosion ([Fig. 5A](#F5){ref-type="fig"}).

![**Figure 5.** Activity of P2D7KK antibody in 3 mouse models: collagen antibody induced arthritis (**A and B**), monosodium urate crystal induced inflammation (**C**) and multiple myeloma (**D**). (**A**) Representative hind paws and histological analyses of joints from mice injected with the isotype antibody (top) or treated with 5 mg/kg of P2D7KK (bottom). Arrows point to cartilage. (**B**) Arthritic scores in Balb/c mice after induction of arthritis with anti-collagen antibodies. Shown are mean arthritis score ± sem in mice treated with 5 mg/kg of P2D7KK or injected with the isotype control (n = 8). Comparison between groups was performed with Holm-Sidak-corrected multiple *t* tests: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (**C**) Peritoneal infiltration of neutrophils in mice (n = 5) after injection of PBS only or monosodium urate crystals (MSU) followed by administration of PBS, anakinra 30 mg/kg, isotype human antibody 15 mg/kg, P2D7KK 5 mg/kg or P2D7KK 15 mg/kg. Shown are mean ± sem on 3 independent experiments. Data analyzed by ANOVA followed by a multiple test with Bonferroni's correction: \*\*\*\**P* \< 0.0001. (**D**) Survival of mice (n = 10) after inoculation of human myeloma cells. Survival curves were analyzed with a log-rank (Mantel-Cox).](mabs-6-764-g5){#F5}

P2D7KK efficacy was also tested in a mouse model of peritonitis induced by MSU crystals, which trigger rapid and robust neutrophils' recruitment in the peritoneal cavity. This model has been widely used to mimic the acute inflammatory response typical of gout in humans.[@R23] P2D7KK effectively reduced neutrophils' recruitment in the peritoneum after injection of MSU crystals compared with that in mice receiving the isotype control ([Fig. 5C](#F5){ref-type="fig"}).

P2D7KK treatment prevented myeloma cell-induced death in vivo
-------------------------------------------------------------

IL-6 is the central survival and proliferation factor for multiple myeloma and IL-1β appears to be its major inducer in the bone marrow.[@R24]^,^[@R25] Blockade of the IL-1β signaling by the receptor antagonist IL-1ra has shown encouraging results in a clinical study.[@R26] Here we tested the effects of P2D7KK treatment in mice inoculated with human myeloma cells U266B1 that are known to develop tumors in NOD-SCID mice. We found that whereas 80% of the mice receiving isotype control antibody died within 7 wk, 70% of P2D7KK-treated mice survived ([Fig. 5D](#F5){ref-type="fig"}). Antibody treatment delayed the first death from day 12 to day 47. Measurement of IL-6 in surviving mice showed that all but one of the animals treated with P2D7KK had lower circulating IL-6 than the mice that received the isotype control ([Fig. S1](#SUP2){ref-type="supplementary-material"}).

Discussion
==========

In this study, we report the isolation of a lead anti-IL-1β antibody from a phage display antibody library, affinity improvement by CDR mutagenesis, in vitro characterization of the neutralization potency, and demonstration of in vivo efficacy in a number of disease models. The initial lead, clone 2H, showed cross-reactivity between human and mouse IL-1β, while no binding activity was observed to the structurally similar ligand, IL-1α. 2H has an affinity and in vitro neutralization potency (IC~50~) in the 100--200 pM range. Although the serum concentrations of IL-1β may vary from disease to disease and between individuals, we observed that IL-1β can induce strong inflammatory response in epithelial cells at low concentrations \<10 pM (data not shown), the effective neutralization of which would require antibodies of higher affinity than 2H. To improve the affinity, we decided to employ a CDR-mutagenesis approach because its efficiency has been demonstrated in many examples, e.g., identification of functional and structural amino-acid residues by parsimonious mutagenesis.[@R27]^-^[@R30] Mutant residues in the CDRs may increase affinity by introducing new contacts and by replacing low affinity or "repulsive" contact residues with more favorable energetics.[@R31] Among the six CDRs, CDR3s, and particularly the heavy chain CDR3, have been shown to be responsible for high energy interaction with antigen.[@R32]^,^[@R33] Hence, we decided to preserve the integrity of the heavy chain, and sought to make improvements by fine-tuning CDR3L for optimal antigen interactions.

The mutagenesis library comprised \~one million diversity and encoded, at each position, the original amino acid and a small set of residues (Ala, Ser, Tyr, Asp) that represents small and large hydrophobic, hydrophilic, and charged side chain chemical diversity.[@R20] Other amino acids may also be introduced due to the codon degeneracy used. Following stringent selection conditions, including low antigen concentration and long duration of dissociation, we found that all the selected clones had slower dissociation rates than the parent clone 2H, demonstrating the effectiveness of the library design and the selection strategy. Surprisingly, almost all of them (56/62) had unique sequences. These results indicate high tolerability of this CDR loop in accommodating side chains of diverse chemical properties, from which a better antibody-antigen complementarity can be achieved through myriad combinations. Improvement in affinity correlated with increase in neutralization potency. Clone P2D7, which showed the highest affinity among all analyzed clones, had five mutations. Reverting each mutant to the parent residue resulted in a 2 to 4-fold loss of affinity (data not shown), indicating that each mutation contributed to affinity improvement.

P2D7 has an in vitro neutralization potency 11 times higher than that of canakinumab, an IL-1β-targeting antibody marketed as a treatment of CAPS and systemic juvenile idiopathic arthritis ([Fig. 2A](#F2){ref-type="fig"}). Furthermore, while canakinumab binds only to human IL-1β, P2D7 reacts with human, mouse, and rhesus monkey IL-1β with IC~50~ of 5 pM, 132 pM, and 4 pM, respectively (data not shown for monkey). This cross-reactivity allows P2D7 to be tested for therapeutic efficacy in mice and for pharmacokinetics and toxicity in monkeys. P2D7KK, the germline-like version of P2D7, showed a remarkable efficacy in a number of inflammatory disease models. In the CAIA mouse model, it prevented inflammatory symptoms such as redness in paws, swollen ankles, and limping. More impressively, it completely abolished lymphocyte infiltration and cartilage erosion that are hallmarks of the disease. In sharp contrast, mice treated with isotype control antibody developed severe arthritic symptoms, had massive lymphocytes infiltration in the joints and degraded cartilage. Similarly, P2D7KK is effective in blocking neutrophil recruitment in a mouse model of gout. Regarding efficacy, the comparison in this model of gout with anakinra is in favor of the receptor antagonist ([Fig. 5C](#F5){ref-type="fig"}). This result is not totally unexpected since it has been shown that IL-1α is also involved in neutrophil recruitment in MSU-induced peritonitis,[@R34] and, unlike P2D7KK, anakinra blocks both IL-1β and IL-1α pathways. However, the short half-life of anakinra (4 to 6 h) requires frequent injections of high doses for an effective treatment, e.g., 100 mg daily for rheumatoid arthritis patients, 1--2 mg/kg daily and up to 8 mg/kg daily for CAPS patients. Because P2D7KK is a human IgG, it is expected to have a half-life of \~2 wk like other human antibodies (adalimumab, 10 to 20 d; ipilimumab, \~15 d; nivolumab, up to 25 d; fresolimumab \~14 d). P2D7KK's longer lasting protection was demonstrated in a prophylactic setting of the gout model in which MSU crystals were injected 18 h post-treatment. P2D7KK was still able to significantly reduce neutrophils influx in the peritoneal cavity 24 h after administration while mice injected with anakinra showed massive infiltrates ([Fig. S2](#SUP2){ref-type="supplementary-material"}). The long-lasting activity of P2D7KK constitutes a potential advantage over anakinra allowing lower doses and fewer injections.

Furthermore, P2D7KK prevented myeloma cell-induced death in a mouse model. Lust et al. have suggested that IL-1β plays a crucial role in the progression of multiple myeloma.[@R24]^,^[@R26] This is based on the observation that IL-1β appeared to be the major cytokine in the bone marrow responsible for the paracrine production of IL-6, the central growth factor for myeloma cells.[@R25] Therefore, blocking IL-1β in patients who have a high risk of evolving from indolent to active myeloma has been proposed as a potentially safe and non-toxic treatment,[@R35] and has shown positive results in a Phase 2 clinical study using IL-1ra.[@R26] However, as IL-1ra clears rapidly due to its small size (∼20 kDa), patients need to receive treatment of 100 mg daily. Thus, therapeutics with much longer half-lives, such as antibodies, would be superior options. In our animal model, P2D7KK treatment conferred protection from myeloma-induced lethality; 70% of P2D7KK-treated mice survived compared with 20% in the isotype group ([Fig. 5D](#F5){ref-type="fig"}). Interestingly, the survival rate inversely correlated with the serum level of IL-6 in the mice ([Fig. S1](#SUP2){ref-type="supplementary-material"}), further demonstrating the critical role of IL-1β in the signaling pathway leading to the disease. While the detailed pathology of the mice in this experiment is still under investigation, the encouraging preliminary results suggest that P2D7KK may be effective as a treatment for inflammatory diseases, but may also have potential as an anti-cancer therapeutic.

P2D7 inhibits IL-1β signaling by means of receptor binding site blockade. Upon binding to IL-1β, P2D7 blocked IL-1β from binding to IL-1RI in a direct competition manner as shown by our SPR analysis. This mechanism of inhibition is shared with canakinumab,[@R22] but distinct from gevokizumab (Xoma 052) in that binding of gevokizumab causes an allosteric perturbation in a number of β strands in IL-1β that are compatible with receptor. This results in reduced affinity of the antibody-bound IL-1β to the receptor and hence attenuated signaling capacity.[@R12] Canakinumab and gevokizumab have also been shown to bind to two non-overlapping epitopes on IL-1β.[@R22] Notably, P2D7 and canakinumab also bind to IL-1β at two non-overlapping epitopes, as revealed by the SPR experiments, albeit sharing the same competitive inhibition mechanism. Antibodies against different epitopes of a given target can result in differential biological consequences that are often not fully understood. This has been observed in anti-HER2[@R36] and anti-CD20 antibodies[@R37]^,^[@R38] and likely many others. Interestingly, P2D7 is 10 times more potent than canakinumab in IL-1β neutralization in the in vitro assays despite the fact that the two antibodies have almost identical affinity ([Table 1](#T1){ref-type="table"}) and equivalent efficacy in blocking IL-1β from binding to the receptor IL-1RI (data not shown). Such differences may possibly arise from distinctive epitopes recognized by these two antibodies. This remains to be determined by further studies in the future. Taken together, although three biologics targeting IL-1β signaling pathway have been approved for clinical use in a number of diseases, the unique mode of antigen recognition by P2D7 may have distinctive or even superior therapeutic advantages for certain indications.

In conclusion, we engineered a high affinity anti-IL-1β antibody using phage display technology. The high degree of cross-reactivity among experimental animals would greatly facilitate its preclinical development. We believe that the high potency of P2D7KK, together with its unique binding mode, warrants further investigation of its therapeutic potential.

Materials and Methods
=====================

Antibody discovery from phage display library
---------------------------------------------

Anti-IL-1β antibodies were isolated from HX02 human Fab phage display library (Humanyx Pte Ltd) via in vitro selection. We followed the procedures of biopanning, phage amplification, Fab expression and purification described by de Haard et al.[@R39] Briefly, biopanning was performed using human IL-1β (Biolegend) biotinylated using the EZ-Link NHS-PEG4-Biotin labeling kit (Pierce). In the first two rounds of biopanning, IL-1β was immobilized on M280 streptavidin-coated magnetic beads (Life Technologies); in the third round, biotinylated IL-1β was immobilized on the neutravidin-coated microplate in order to avoid isolation of streptavidin magnetic beads binders. 10^13^ cfu phage in 1 mL casein-PBS blocking buffer was used in the first round, and 10^11^ cfu phage were used in the second and third rounds. After three rounds of biopanning, the Fab of selected clones was expressed in *E. coli* TG1 cells (Stratagene) to screen for IL-1β binders by ELISA. Unique clones were identified by DNA fingerprinting technique as previously described[@R39] and confirmed by DNA sequencing.

Affinity maturation
-------------------

The CDR3L of clone 2H was chosen as the target for affinity improvement. Semi-random mutations were introduced to the CDR using a PCR primer containing the following degenerate codons to replace the original sequence: BMK KMT TGG KMT DMT DMT DHT KHK (IUB code). Biopanning was performed by incubating the CDR3L mutagenesis library with biotinylated human IL-1β in solution followed by capture of the target-bound phage with streptavidin-coated magnetic beads. The concentrations of the IL-1β decreased from 10 nM in the first two rounds to 0.1 nM in the third round and 0.01 nM in the fourth round. To remove the fast dissociating clones, beads-bound phage were subjected to dissociation in the wash buffer containing non-biotinylated IL-1β (1 μM in round 1 and 2, and 0.5 μM in round 3 and 4), with incubation time of 1, 1.5, and 5 h from round 1 to round 4, respectively. After wash, the beads-bound phage were recovered by porcine trypsin digestion (2 mg/mL in buffer containing 20 mM Tris, 150 mM NaCl, 2 mM CaCl~2~, at pH 8.0) for 10 min at room temperature. IL-1β positive clones were identified by ELISA as previously described.

IgG expression and purification
-------------------------------

Fabs were reformatted into human IgG1 in the pTT5 vector and the antibodies were expressed in HEK293--6E cells following the protocols described by Durocher et al.[@R40] Both the vector and cells were obtained from National Research Council of Canada. Antibodies were purified from the culture supernatant using Protein G resin (Merck Millipore) following standard protocols.

Kinetics and affinity measurements by surface plasmon resonance
---------------------------------------------------------------

Kinetic measurements by SPR were performed on a ProteOn XPR36 system (Bio-Rad). Phosphate-buffered saline running buffer (PBS, pH 7.4, and 0.005% or 0.05% surfactant Tween-20) was used in SPR experiments. To rank the dissociation rates of the selected clones, crude Fab secreted to the periplasm was extracted from 10 mL *E. coli* cultures.[@R39] The crude preparations were buffer exchanged to PBS by 10 kDa molecular cut-off spin filtration columns (Sartorius) to a final volume of 0.2 mL. IL-1β (Biolegend) was immobilized on a NLC sensor chip. Crude Fab preparations (100 μL) at 1:4 dilution in running buffer were injected over the sensor chip at 100 μL/min. Dissociation was monitored for 10 min. All experiments were performed at 25 °C. To determine the affinity, injections of five concentrations of the human, mouse, and rhesus monkey IL-1β (50, 25, 12.5, 6.25, 3.13 nM) over the antibody-immobilized GLC sensor chip was followed for a dissociation time of 2--3 h. Data were collected at 25 °C. The sensorgrams were double-referenced against reference flow cell (no antibody) and a buffer injection, and fitted globally to a 1:1 binding model from which the dissociation constants (K~D~) were calculated.

Epitope comparison by surface plasmon resonance
-----------------------------------------------

The binding mode of P2D7 in relation to IL-1RI and canakinumab was studied by surface plasmon resonance. P2D7 was immobilized on a GLC sensor chip and IL-1β at 1 μg/mL was injected over the chip followed by injection of either canakinumab or IL-1RI at 2 μg/mL. Experiments were performed at 25 °C.

In vitro neutralization assays
------------------------------

MRC-5 cells (ATCC), human lung fibroblasts, were maintained in MEM supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate and 2 mM L-glutamine and used for in vitro neutralization assays as described by Economides et al.[@R13] Briefly, cells were seeded in 96-well plates at 3,000 cells/100 µL/well and incubated overnight at 37 °C in a 5% CO~2~ humidified incubator. Cells were then treated with 4 pM human IL-1β or 60 pM mouse IL-1β in the presence or absence of various concentrations of test antibodies. Eighteen hours after treatment, IL-1β-induced human IL-6 secretion in the supernatant was measured using the human IL-6 ELISA kit (Biolegend) according to the manufacturer's protocol. HEK-Blue™ IL-1β cells (InvivoGen) were maintained in DMEM supplemented with 10% FBS, 100 µg/mL Zeocin™ and 200 µg/mL hygromycin B. When used for in vitro neutralization assays, cells were seeded in 96-well plates at 5x10^4^ cells/100 µL/well and incubated overnight at 37 °C in a 5% CO~2~ humidified incubator. Cells were then treated with 4 pM human IL-1β or 40 pM mouse IL-1β in the presence or absence of various concentrations of test antibodies. Eighteen hours after treatment, IL-1β-induced release of secreted embryonic alkaline phosphatase (SEAP) in the supernatant was assessed using QUANTI-Blue™ (InvivoGen) according to the manufacturer's protocol.

Animals
-------

C57BL/6 and Balb/c mice were purchased from the Biological Resource Center (BRC), Agency for Science, Technology and Research (A\*STAR), Singapore, and bred under specific pathogen-free conditions. All experiments involving animals were performed in accordance with the Institutional Animal Care and Use Committee in compliance with the Law and Guidelines for Animal Experiments of the BRC, Singapore.

Collagen antibody-induced arthritis mouse model
-----------------------------------------------

Anti-collagen antibody cocktail was purchased from Chondrex Inc. and used according to the manufacturer's protocol. Briefly, 7--8 wk old Balb/c mice were injected intraperitoneally (i.p.) with 1.5 mg/kg of anti-collagen antibody cocktail. After 3 d, mice received an i.p. injection of 25 µg of lipopolysaccharide (LPS) to trigger arthritis development. On days 2, 5, and 9, mice were given an i.p. dose of either 5 mg/kg of anti-IL-1β antibody P2D7KK or 5 mg/kg of an isotype control antibody. Mice were scored for clinical arthritis on a scale of 0 to 4 based on signs of swelling and inflammation.[@R41]

Monosodium urate (MSU)-mediated peritonitis
-------------------------------------------

8--10-wk old C57BL/6 mice were injected i.p. with anakinra (30 mg/kg, Kineret®, Amgen), P2D7KK (5 mg/kg and 15 mg/kg), isotype control human IgG1 antibody (15 mg/kg), or saline. After 10 min, mice received another i.p. injection of 3 mg MSU crystals (Enzo Life Sciences) in 0.5 mL of saline. Control mice were injected with saline alone. After 6 h, peritoneal exudate cells were collected by lavage with cold medium, centrifuged, and red blood cell lysis was performed using hypotonic ammonium chloride solution for 1 min. Total peritoneal cells were counted, stained with Ly6G PE (1A8, BD PharMingen) and CD11b APC (M1/70, eBioscience), and analyzed by flow cytometry. Neutrophils were identified as Ly6G+CD11b+ cells.

Multiple myeloma model
----------------------

Human myeloma cells U266B1 were purchased from ATCC and cultured in RPMI-1640 medium supplemented with 10% FBS at 37 °C under 5% CO~2~ in a humidified incubator. 7--8 wk old female NOD-SCID mice were inoculated with 10^7^ cells via intravenous injections. Antibody treatment started on day 7 and was administered at 10 mg/kg every 4 d for 7 wk.
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CAIA

:   collagen antibody induced arthritis

CAPS

:   cryopyrin-associated periodic syndromes

ELISA

:   enzyme-linked immunosorbent assay

Fab

:   antigen binding fragment

IC~50~

:   inhibitory concentration 50

Ig

:   immunoglobulin

IL

:   interleukin

IL-1ra

:   IL-1 receptor antagonist

IL-1RI

:   IL-1 receptor type I

i.p.

:   intraperitoneal

MSU

:   monosodium urate

SPR

:   surface plasmon resonance

TNF

:   tumor necrosis factor
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